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Abstract
A soil sequence along an elevational gradient ranging from subtropical to subalpine climate zones in 
the Etna region (Sicily, southern Italy) was investigated in respect of organic C, kaolinite and 
crystalline to non-crystalline Al- and Fe-phases. Special emphasis was given to the stabilization of soil 
organic carbon (SOC) and its interaction with the inorganic phases. The soils were variations of Vitric 
Andosols that developed on a trachy-basaltic lava flow with an age of 15000 years. Two main 
vegetation systems dominated the sites: at the lower sites it was mainly maquis vegetation and at the 
higher elevated sites predominantly coniferous forest. The concentration of SOC in the topsoil, the 
SOC stocks in the profiles, the humus fractions such as humic and fulvic acids, functional groups and 
substances of organic matter, ITM (imogolite-type materials) and oxyhydroxides were found to be 
strongly related to elevation and, thus, climate (precipitation and temperature) and vegetation. The 
C/N ratio in the topsoil was especially indicative of the vegetation type. The amount of SOC, ITM and 
crystalline Fe oxyhydroxides decreased with increasing altitude. Weathering, as related to the 
proportion of crystalline Fe-oxyhydroxides or the kaolinite concentration in the clay fraction, seemed to 
be greater at the lower elevated sites. At these sites, maquis vegetation led to a higher accumulation 
of SOC as compared to the coniferous trees at the higher sites. Fire activity, as indicated by aromatic 
compounds in the humic acids and by the presence of charcoal in the soil, has most probably 
influenced several important soil processes. The identification and radiocarbon–dating of charcoal 
revealed evidence that repeated bush fires had played a significant role in soil formation. The better 
stabilization of SOC at lower altitudes might be due to the specific climatic conditions with a more 
pronounced change in periods of humidity alternating with periods of droughts and resultant fire 
activity. The positive correlation between mean annual temperature and SOC content supports such a 
hypothesis. The climate- and vegetation-dependent stabilization of organic matter in the soil can be 
ascribed to the proportion of aromates in the humic acids, to the presence of non-crystalline Al- and 
Fe-phases, to the kaolinite concentration, to the amount of clay and to a lesser extent to the silt 
fraction. 
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Abstract
INTRODUCTION1
2
Climate is of growing interest in respect to landscape and consequently soil evolution. Climate change 3
can have significant impact on the global biogeochemical cycle by altering the type and rate of soil 4
processes and the resulting soil properties (Bain et al., 1994; Dahlgren et al., 1997). Direct and 5
dramatic ecological responses to this impending warming are expected (Peters and Lovejoy, 1992; 6
Rosenberg et al., 1983). Climatic warming is thought to increase soil temperature and to change many 7
critical factors in plant productivity, phenology and succession (Ozenda and Borel, 1991).8
Jenny (1941) defined any dependent soil property as a function of a number of independent soil 9
properties or state factors such as parent material, climate, topography, soil age and the role of 10
organisms. Soil sequences can be classified using a single variable if other conditions affecting soil 11
development are subordinate or relatively constant. The role of organic species, the biotic factor, 12
might be drastic, especially in the early phases of ecosystem genesis (Jenny, 1980). However, the 13
biotic factor is not a fully independent one because the soil affects the organisms (and vice versa). 14
Also the other factors - and especially the state factor climate - have a distinct effect on the plant 15
community.16
The behavior of long-term soil processes in respect of climate can be obtained from climosequences 17
(Egli et al., 2003). Precipitation and temperature particularly influence soil properties by affecting type 18
and rates of chemical, biological, and physical processes. Earlier studies documented the effect of 19
differences in climate on plant communities and soil types along an altitude gradient that was 20
characterized by decreasing temperature and increasing precipitation. Common trends reported in 21
these studies included changes in soil types, soil organic matter, clay content, soil acidity, and 22
exchangeable ions (e.g. Whittaker et al., 1968; Mahaney, 1978; Laffan et al., 1989; Bäumler and 23
Zech, 1994; Bockheim et al., 2000).24
Soil organic matter is an important factor in the global carbon cycle. Sorption processes play an 25
important role in soil organic carbon (SOC) preservation (Wiseman and Püttman, 2006) and 26
consequently influence the mean residence time of SOC (Saggar et al., 1996). Metal oxides have 27
been demonstrated to be particularly effective in adsorbing and stabilizing organic matter in soils 28
(Kaiser and Zech, 1999; Wiseman and Püttmann, 2005). Secondary Al and Fe in soils developing 29
from volcanic parent materials are hypothesized to stabilize SOC giving rise to its accumulation and to 30
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2the typical black A horizon in Andosols (Shoji and Fujiwara, 1984; Shoji et al., 1993; Zehetner et al., 1
2003). Clay minerals or phyllosilicates can also help to preserve SOC (Schimel et al., 1985; Wiseman 2
and Püttmann, 2006). Rasmussen et al. (2005) suggested a combination of aggregate protection and 3
organo-mineral association with Al-humus complexes and short-range order Al minerals that control 4
the variation of soil organic C dynamics.5
Only a little data on carbon and organic matter dynamics is available for volcanic Mediterranean 6
areas. Climo- or biosequences with respect to soil organic matter and the interaction with inorganic 7
phases are rare or even inexistent. We therefore investigated Mediterranean volcanic soils in climate 8
zones ranging from subtropical to subalpine along an altitudinal range of Mt. Etna in order to qualify 9
and quantify the storage mechanisms of SOC and its interaction with the inorganic phases.10
11
12
INVESTIGATION AREA AND SITES13
14
Mt. Etna (3323 m a.s.l.) is a relatively young volcano that was formed at the beginning of the 15
Quaternary in the north-eastern part of Sicily (Rittmann, 1976). The Etna volcano is an isolated 16
mountain region in southern Italy in the centre of the Mediterranean region (35° 50’ N/ 15° E) with an 17
area of about 1570 km2 (Poli Marchese, 2004). The landscape is characterized by lava-flows of 18
different ages that cover the slopes. The most important geomorphological elements are the main and 19
the secondary craters that are still active. A regional nature park protects a substantial part of the area 20
around the volcano (590 km2). According to Poli Marchese (2004) the following vegetation zones can 21
be defined in the Etna region: 22
a) basal-mediterranean zone with a thermo-mediterranean subzone (Oleo-Ceratonion, below 23
500-600 m a.s.l.), a meso-mediterranean subzone (Quercion ilicis; between 600 – 1100 m 24
a.s.l.) and a supramediterranean zone (Quercetalia pubescentis; between 1100 – 1500 m 25
a.s.l.)26
b)  montane-mediterranean zone between 1500 – 2400 m a.s.l. (with Fagetalia sylvaticae, 27
Astragaletum siculi, Pinus nigra ssp., Laricio (Querco-Fagetea), …)28
c) Mediterranean high-alpine zone: > 2400 m a.s.l. (with Rumici Anthemidetum aetnensis)29
Human impact is an important environmental factor in the Etna region. Agricultural cultivation over the 30
3last centuries or even millennia has influenced substantial parts of the area.1
We investigated five Mediterranean soils along an elevational gradient ranging from subtropical (551 2
m a.s.l.; warm, semi-arid to sub-humid climate) to subalpine (1772 m a.s.l.; cold, humid climate) 3
climate zones in the Etna region (Sicily) (Table 1, Fig. 1). Soil moisture and temperature regime varied 4
between xeric to udic and thermic to frigid, respectively (Raimondi et al., 1999). Four sites were 5
located on one single lava flow and a fifth one on a separate flow. The lava flows were trachy-basalts 6
with the same age of 15000 years. Dating of lava flows in the Etna region was done by 7
chronostratigraphic studies (Romano, 1979; 1983) and radiometric dating (230Th/238U in Condomines 8
et al., 1982; K-Ar in Gillot et al., 1994). All selected sites (soil profiles) were north-facing and the 9
chemical and mineralogical composition of the parent material was identical (Nater, 2006). Two 10
different types of vegetation could be distinguished along the elevational gradient. At the lower 11
altitudes (3 sites between 551-1090 m a.s.l.), vegetation was dominated by Macchia Mediterranea and 12
at the higher altitudes (2 sites at 1515 and 1772 m a.s.l., respectively) by coniferous trees. 13
Large areas around the Etna volcano have been perturbed over centuries by human impact 14
(agriculture). According to the soil map of Sicily, (Fierotti et al., 1988) and the investigations of 15
Raimondi et al. (1999), the chosen soils can be considered as natural and undisturbed. The sites were 16
chosen in relatively flat areas. Consequently, the soils did not show any evident sign of erosion. 17
According to the soil map, mature and undisturbed soils comprise Eutric or Dystric Cambisols and 18
(Mollic) Andosols along the whole altitudinal sequence. 19
20
21
MATERIALS AND METHODS22
23
Sampling24
Care was taken to analyze soils with an almost undisturbed evolution (no signs of erosion or any 25
anthropogenic impact) along the elevational gradient. Soil profile ditches (approx. 2m large, 1 – 2m 26
deep, depending on the soil profile) were made down to a depth to include the C horizon. In total, 5 27
sites were investigated. From 2 to 4 kg of soil material was collected per soil horizon. In order to yield 28
reasonable results, unusually large sampling volumes are required for soils of coarse textures (Hitz et 29
al., 2002). As a soil horizon is, more or less, an identical compartment with typical chemical and 30
4mineralogical processes, sampling was bound to the morphology of the soils. The sample material 1
was collected within each soil horizon and then combined into one (for each site and horizon n = 1). 2
The error (soil physical and chemical parameters) attributed to the sampling technique is in most 3
cases with this procedure less than 5% (Desaules and Dahinden, 1994; Desaules and Dahinden, 4
2000; Hitz et al., 2002). Soil bulk density was determined with a soil core sampler (100cm3, with 2-5 5
replicates per soil horizon) or by excavated holes to a volume of about 500 – 2000ml that were 6
backfilled with a measurable volume of quartz sand. Taking advantage of the profile pits, undisturbed 7
soil samples were taken down to the C horizon. 8
9
Soil mineralogy and grain sizes10
The clay fraction (< 2 µm) was obtained from the soil after destruction of organic matter with dilute 11
(3%) and Na-acetate buffered H2O2 (pH 5) by dispersion with Calgon and sedimentation in water (Egli 12
et al., 2001). ‘Imogolite-type material’ (ITM), meaning the sum of imogolite and proto-imogolite 13
allophane, was estimated according to Parfitt and Henmi (1982) and Parfitt et al. (1988) as:14
15
ITM = f . Si(oxalate)% (1)16
17
with18
f  5  2.1 Alo  Al p
Sio
1




(2)19
where Alo is the oxalate extractable Al (in moles), Alp is the pyrophosphate extractable Al (in moles) 20
and Sio is the oxalate extractable Si (in moles). Furthermore, the molar ratio (Alo-Alp)/Sio (equation 2) 21
indicates if ITM is likely or not. 22
FT-IR spectra were recorded over the range of 4000 to 250 cm-1 on pellets made with 1 mg of sample 23
and 250 mg of KBr (previously heated at 150 °C). The pellets were heated at 60°C prior to the 24
measurements (to reduce any possible influence of water). The quantity of kaolinite in the clay 25
samples was measured (Kubelka-Munk units) using the peak close to 3700 cm-1. The clay mineral 26
composition was, furthermore, checked with XRD (3-kW Rigaku D/MAX III C diffractometer, equipped 27
with a horizontal goniometer, a curved-beam graphite monochromator and Cu radiation). Oriented 28
specimens on glass slides were analyzed by X-ray diffraction using Cu-K radiation from 2 to 29
515°2with steps of 0.02°2 at 2 seconds per step. The following treatments were performed: Mg 1
saturation, ethylene glycol solvation (EG) and K saturation, followed by heating for 2 hours at 335° and  2
then again at 550°C.3
Particle size distribution of the soils was measured after a pre-treatment of the samples with H2O24
(3%) by a combined method consisting of sieving the coarser particles (2000 - 32 µm) and the 5
measurement of the finer particles (< 32 µm) by means of an X-ray-sedimentometer (SediGraph 6
5100).7
8
Soil chemistry9
The dithionite- (Fed, Ald), pyrophosphate- (Fep, Alp) and oxalate-extractable (Feo, Alo, Sio) fractions 10
were measured for the elements Fe, Al and Si (McKeague et al., 1971). The pyrophosphate extraction 11
is often used to characterize the organically-bound Al fraction. The elemental concentrations were 12
determined by atomic absorption spectroscopy.13
Total C and N contents of the soil were measured with a C/H/N analyzer (Elementar Vario EL, 14
elementar Analysensysteme GmbH) using oven-dried fine earth. Total C corresponds in our case to 15
organic C due to the absence of any carbonates in the soil. Soil pH (in 0.01 M CaCl2) was determined 16
on air-dried samples of fine earth using a soil solution ratio of 1:2.5. A fractionation of organic matter 17
was performed for the A-horizons (except for soil 5, where also deeper horizons were taken into 18
consideration) because the most important and abundant part of SOC as well as differences between 19
the sites can be found in this soil compartment (Hitz et al., 2001). Operationally defined fractionation 20
procedures for soil organic carbon (SOC) relied on an extraction using acids and bases (Trumbore 21
and Zheng, 1996). To extract the humic and fulvic acids, 5 g of soil samples was continuously shaken 22
for 24 h at 65°C with a mixture of NaOH and Na4P2O7.10H2O (0.1 M) under a N2 atmosphere. The 23
supernatant was then separated by centrifugation at 1509g for 20 min and filtered. The aliquot was 24
analyzed for total extractable carbon (TEC). Acidification enabled the separation between fulvic and 25
humic acids, with fulvic acids (FA) remaining in the supernatant. After centrifugation the FA’s were 26
purified with a polyvinylpyrrolidone resin, while humic acids (HA) were redissolved with 0.5 M NaOH 27
(Sequi and De Nobili, 2000). An aliquot of the separated fulvic and humic acids was analyzed for C 28
content and the residual portion was lyophilized for the characterization of the functional groups of 29
fulvic and humic acids with FT-IR-spectroscopy (Bruker Optics GmbH, Tensor 27). The IR spectra 30
6were recorded on samples in the form of KBr pellets using 1mg of sample and 250mg of KBr (heated 1
at 150°C) at room temperature. The sample was heated to 60 °C prior to analysis to reduce the 2
influence of water on the IR-spectra. In addition, the composition of HA was measured with 13C 3
CPMAS NMR spectroscopy. Samples were measured at the ETH Zurich, using a 4
Chemagnetics/Varian Infinity 300 NMR spectrometer, with the resonance frequency of 13C at 75.46 5
MHz. Dry powdered samples were packed into a rotor with 4 mm outer diameter and spun at the 6
magic angle with a rate of 15000 Hz. Spectra were obtained using proton to carbon cross-polarization 7
(CP) with a tangential amplitude variation on the carbon channel (APHH; adiabatic passage of 8
Hartmann Hahn) to compensate for variation in cross-polarization efficiency (Hediger et al., 1995). A 9
contact time of 1.0 ms was used with a 70 kHz spin lock field on 1H and approximately 55 kHz on 13C 10
(-1 HH matching condition). During acquisition TPPM decoupling (Bennet et al., 1995) was applied on 11
the proton channel with an rf amplitude of 95 kHz. The acquisition time was 25.6 ms (40 kHz 12
sweepwidth, 1024 complex points), and the relaxation time between scans was set to 2.0 s. For each 13
sample a total of 61440 scans were added. The FIDs (free inducation decays) were processed with an 14
exponential line-broadening of 128 Hz. The spectra were calibrated to TMS by means of an external 15
reference (Adamantane). Spectra were divided into the following chemical-shift regions: alkyl (0-47 16
ppm); methoxyl/N-alkyl (47-60 ppm), O-alkyl (60-93 ppm), di-O-alkyl (93-112 ppm), aromatic C-H and 17
C-C (112-140 ppm), phenolic (140-160 ppm), carboxyl-C/ester/amide (160-185 ppm) and 18
aldehyde/ketone (185-220 ppm). The relative areas were determined from the heights of the integral 19
curve and expressed as percentage of the total area.20
21
Charcoal and radiocarbon dating22
Only the two most contrasting soil profiles were sampled for charcoal. The identification and dating of 23
charcoal gives a rough idea about fire events and plant communities. Charcoals, i.e. carbonized 24
fragments of wood, were separated from the soil material by hand or by floating them off and drying 25
them at 40°C. Being fragile, the charcoals were handled very carefully to reduce any mechanical 26
stress as much as possible. To identify the sources of charcoal, the individual particles were analyzed 27
microscopically. The charcoals were investigated in the dry state, microsections were cut by hand with 28
a razor blade to see the transversal section. Charcoal classification was restricted to black, completely 29
opaque, angular fragments, a conservative criterion necessary to assure origin by fire (Clark, 1988). 30
7The charcoals were separated into coniferous and broadleafed tree species (Schoch, 1986) with a 1
stereomicroscope (magnification 6.4-40x, Wild M3Z Leica, Germany). The charcoals from the 2
coniferous trees were divided further at the genus level using a reflected-light microscope (objective 3
5x, 10x, and 20x, Olympus BX 51, Japan). The observations were compared with a histological wood-4
anatomical atlas, using an identification key (Schweingruber, 1990).5
Charcoal samples were treated with hydrochloric acid, followed by a treatment with sodium hydroxide 6
to remove humic acids formed during the rotting process. The sample was then heated and 7
catalytically reduced over cobalt powder at 550°C to elemental carbon (graphite). This mixture was 8
pressed into a target and the ratios 14C:12C (for radiocarbon age) were measured by Accelerator Mass 9
Spectrometry (AMS) using the tandem accelerator of the Institute for Particle Physics at the Swiss 10
Federal Institute of Technology Zurich (ETH). The calendar age was obtained using the CalibETH 11
calibration program (Niklaus, 1991).12
13
Statistics14
As the data did not always show a normal distribution, correlation analysis was performed using a 15
non-parametric procedure (Spearman rank correlation coefficient; Sachs, 1992). Differences in mean 16
values were tested with the U-test (Mann-Whitney). Both these procedures were checked by a two-17
sided test for significance.18
19
20
RESULTS21
22
Soil characteristics23
All soils in the study area had a sandy to silt-sandy texture (Table 2). The soil material contained a 24
significant amount of glass particles (> 5%). Grain sizes usually decreased from the parent material to 25
the surface soil horizon where the highest clay and silt contents were found. The decrease of the grain 26
sizes is a concomitant effect of weathering (the physical breakdown of the coarse glass-particles and 27
chemical-mineralogical transformations). For all soils, eolian addition due to the eruptions of the 28
volcano Etna cannot be excluded. 29
8The soils are only weakly acid and most of them do not show an evident pH gradient within the profile 1
(Table 3). Criteria for andic soil properties (Soil Survey Staff, 2006) were examined for horizons 2
composing the upper 60cm or the whole pedon if less than 60cm thick. Soil density was generally too 3
high to make it typically andic (IUSS Working Group WRB , 2006; Soil Survey Staff, 2006). In several 4
soils (sites 2, 4, and 5) another important criteria (Alo + 1/2Feo > 2% within the first 25cm) did not meet 5
the andic requirements. Nonetheless, the soils can be classified as Andosols as this soil type can 6
have either a vitric or an andic horizon starting within 25cm from the soil surface (and having no other 7
diagnostic horizon than cambic, histic, fulvic, melanic, mollic, umbric, ochric or duric). The 8
requirements for vitric properties were fulfilled in all soils. In general, the soils were variations of Vitric 9
Andosols (Humic Haploxerand – Typic Hapludand according to the Soil Taxonomy).10
11
Soil organic matter12
The mean concentration of organic matter in the A horizon and the ratio of humic to fulvic acids 13
decreased with altitude (Figs. 2 and 3, Table 3). The decrease of the SOC concentration with 14
increasing altitude is distinct and significant (Table 4). Because temperature and precipitation also 15
vary along the altitudinal sequence, a correlation between mean annual temperature and SOC 16
concentration (with R2 = 0.55; p = 0.026) or stocks (R2 = 0.81) and annual precipitation and SOC 17
concentration (R2 = 0.50; p = 0.033) or stocks (R2 = 0.81) was found. According to these correlations, 18
higher temperatures should lead to an increase of SOC and higher precipitation to a decrease. The 19
C/N ratio abruptly changes between 1090 and 1515 m a.s.l. which corresponds to the transition of 20
maquis vegetation to coniferous stands.21
Similar to the SOC trend, the ratio HA/FA decreased significantly (R2 = 0.72, p = 0.01; using the22
values of the A-horizons) with increasing altitude (Fig. 3, Table 3). This trend is due to the sharp 23
decrease of the HA concentration in the soil with increase in altitude (R2 = 0.79; p < 0.01). A slight 24
decrease in the fulvic acid concentration could also be measured; fulvic acids were, however, less 25
affected in their quantity with altitude. Consequently, correlations between mean annual temperature 26
(MAT), annual precipitation (MAP) and fulvic and humic acids were measured (MAT and fulvic acids: 27
R2 = 0.48, p = 0.037; MAT and humic acids: R2 = 0.77, p < 0.01; MAP and fulvic acids: R2 = 0.44, p = 28
0.047; MAP and humic acids: R2 = 0.74, p = 0.01; Table 4). Humic matter composition seems 29
therefore to change as a function of altitude and climate. Using the U-Test (Mann-Whitney), the 30
9differences in SOC between maquis and forest vegetation were only significant at the 10% level (p = 1
0.09). The composition of SOC, i.e. fulvic and humic acids, is also dependent on the type of 2
vegetation. Lower concentrations of both fulvic and humic acids were measured (p = 0.03) under 3
coniferous forest vegetation. The humins showed a weak tendency to decrease in concentration with 4
increasing altitude (p < 0.1), but no statistically relevant differences were found between the 5
vegetation types. The separation of humic substances into humic and fulvic acids is, however, 6
operational and does not indicate necessarily the existence of different types of molecules (Hayes et 7
al., 1989; Sutton and Sposito, 2005).8
FT-IR spectroscopy: The functional groups and substances of humic and fulvic acids were determined 9
according to Table 5 where the main absorption bands and their corresponding assignments are 10
summarized. Their main distribution in soil organic matter is given in Fig. 4. An estimation of the 11
percentage of some functional groups and substances was derived from the intensities of the 12
corresponding peaks in the IR spectra. The calculation was performed using absorption units (Günzler 13
and Gremli, 1996). Regarding altitude, the chemical composition of the humic acids remained more or 14
less unchanged while the fulvic acids showed some distinct trends that also correlated to the type of 15
vegetation. Using the U-Test (Mann-Whitney), significant differences between maquis and forest 16
vegetation (p = 0.01) could be measured regarding the amount of C-O stretching of polysaccharides 17
and the C=O stretching of COOH in the A1 and A2 horizons. More functional groups of C-O stretching 18
of polysaccharides and C=O stretching of COOH were measured in samples from coniferous forest. 19
The correlation of these functional groups and compounds with altitude (and thus climate) was, 20
additionally, highly significant (C-O of polysaccharides: R2 = 0.76, p < 0.01; C=O of COOH: R2 = 70, p 21
= 0.01). The variability of absolute and relative values for aliphatic, alcoholic OH was too high to detect 22
significant differences between the two main groups of vegetation (maquis and coniferous forest; p > 23
0.1). No significant trend with altitude could, furthermore, be measured (p > 0.1) for aliphatic, alcoholic 24
OH. When compared to the FA’s, HA’s generally contained a lower amount of aliphatic and alcoholic 25
OH, but showed the presence of aromatic compounds. Humic acids showed some changes with 26
altitude regarding the percentage of aromatic compounds. Aromates were present in significantly 27
higher amounts (R2 = 0.81 for the A1 and A2 horizons, p = 0.007) at the lower sites (Fig. 4) and also 28
correlated with the type of vegetation maquis and forest (p = 0.02). 29
10
Changes in the chemical composition and quantity of fulvic and humic acids can be attributed to both 1
climate and vegetation change. The HA/FA ratio seems, however, to be less influenced by the 2
vegetation and correspondingly more by the climate.3
NMR spectra of humic acids: The CPMAS 13C NMR spectra of the HAs examined exhibited features 4
that are common to soil humic substances and appear typically in the following main chemical-shift 5
regions. All NMR spectra of HAs showed the sharp and intense peaks and shoulders of aliphatic C 6
resonances occurring at 30 ppm The sharp signal at 30 ppm  (alkyl C) suggests a lot of CH2 in long 7
chains; e.g. methylene groups in long alkyl chains, methylene groups in aliphatic rings, and terminal 8
methyl groups (Senesi et al., 2003; Preston, 1996). The signal in the 47-60 ppm region (methoxyl/N-9
alkyl) was much less pronounced. The O-alkyl signal was similar to the previous one. There was often 10
only a very weak peak in the di-O-alkyl region. The resonances at 70 and 103 ppm, if present, can 11
generally be ascribed, respectively, to ring C and anomeric C of polysaccharide structures in HAs 12
(Senesi et al., 2003; Preston, 1996). The signals at 115 (if present) and 129 were attributed, 13
respectively, to protonated aromatic C, alkyl-substituted aromatic C, and O- and N-substituted 14
aromatic C (Senesi et al, 2003; Preston, 1996). The amount of phenolic C (140-160 ppm) was very 15
low except for the sites at the highest altitudes (1515 and 1772 m a.s.l.). Ketones were almost absent 16
or present only in traces (185-220 ppm).17
The results obtained with 13C NMR measurements were similar to those obtained with FT-IR. The HAs 18
are characterized by a distinct amount of aliphatic compounds, aromates, polysaccharides, amide 19
groups, carboxyl-C and phenolic-C. The aromatic C content increases with decreasing altitude (Table 20
6). Especially at the sites 4 and 5, a part of the aromates can also be attributed to lignin as weak 21
signals in both the methoxyl/N-alkyl and phenolic regions could be detected (that are typical for lignin; 22
Preston et al., 1998).23
24
 Oxyhydroxides, ITM and clay minerals25
All soils contained a considerable amount of poorly crystalline Al and Fe. The highest Alo and Sio26
concentrations were usually found in the B or BC horizon (Table 7). The molar ratio of (Alo-Alp)/Sio was 27
(with two exceptions) between 1 and 2 indicating a high probability of the presence of ITM. This ratio 28
should be close to 1 for allophanes and allophane-like minerals (2SiO2.Al2O3.2.5H2O) and close to 2 29
for imogolite-like minerals (SiO2.Al2O3.2.5H2O) (Lulli et al., 1988; Lorenzoni et al., 1995). The 30
11
likelihood of ITM is very low if the molar ratio is < 0.75 or > 2.4. The presence of ITM was furthermore 1
checked with FT-IR. The bands near 349, 431, 506 and 579 cm-1 point to ITM if no kaolinite is present 2
in the sample (the spectra of kaolinite and ITM partially overlap in this region; cf. Gustafsson et al., 3
1995). As no kaolinite was present in the C horizon of soil 1 (551 m a.s.l.) (Fig. 5), the bands in the 4
OH-bending and MO-region could be attributed to ITM. In some soil horizons (sites 4 and 5; Table 7) 5
the content of Feo exceeded that of Fed. This could be due to the presence of magnetite-like minerals 6
in the sample that dissolved in acid oxalate (McKeague et al., 1971; Lorenzoni et al., 1995).7
Similarly to the trend of organic matter, the mean concentration of ITM in the A horizon, and thus Alo8
and Sio, and crystalline Fe (Fecryst= Fed – Feo) decreased (Fig. 6) significantly with altitude (with R
2 = 9
0.75 (p < 0.01) for ITM and R2 = 0.85 (p < 0.01) for Fecryst). ITM and crystalline Fe-forms showed –10
likewise SOC - corresponding differences between the two types of vegetation (U-test; p = 0.01). 11
Theoretically, the highest Fed concentrations should be found near the surface where weathering 12
conditions are more intense. Especially at the higher elevated sites, the highest Fed concentration 13
was, however, found in the subsoil, indicating either a translocation of Fe within the soil or the addition 14
of eolian, weakly weathered material (due to volcanic eruptions). Alp followed the trend of SOC 15
concentrations. The highest Alp concentrations were found in the topsoils of the lower elevated sites 16
(Table 7).17
A semi-quantitative estimation of kaolinite was derived from the intensities of the peaks in the IR 18
spectra with Kubelka-Munk units (Baes et al., 1989; Niemeyer et al., 1992). The concentration of 19
kaolinite generally decreased with altitude (R2 = 0.90, p = 0.01). Most surface horizons contained also 20
mica, HIV and some interstratified minerals (HIV/mica). The soils from the lower altitudes had some 21
vermiculite and slightly more HIV than at the other sites (data not shown).22
23
Charcoal24
The amount of charcoal in the soils was not quantitatively determined. Dating of charcoals in the soil 25
at 1772 m a.s.l. (site at highest elevation; Pinus nigra charcoal pieces) gave increasing ages from the 26
A to the B horizon with uncalibrated radiocarbon ages in the A horizon of 493±33 y calBP, in the AB 27
horizon of 393±43 y calBP and in the B horizon of 1113±60 y calBP. Charred material at site 1 could28
be identified in the A1 horizon as particles of deciduous shrubs (that could not be identified more 29
specifically), Quercus and Lonicera implexa. Two Quercus and one Lonicera sample had each a 30
12
modern 14C age. In the A2 horizon, predominantly Quercus, Lonicera implexa and Cytisus sp.1
residues with a modern 14C age and in the B horizon particles of Quercus and Lonicera implexa (?) 2
and also particles of deciduous shrubs with a 14C age of 181±43y calBP were found. Dating indicated 3
that sporadic fire had occurred. A similar type of vegetation had existed at the highest elevated site 4
over the last > 1000 years as all charcoal pieces were identified as Pinus nigra. The lowest site 5
showed more fire activities that must have occurred recently. Charcoal particles with a modern or a 6
relatively low age were found also in the A2 and B horizon.7
8
9
DISCUSSION10
11
Concentrations, climate and vegetation12
Several trends could be observed with altitude and, thus, climate and vegetation. Climate 13
(temperature and precipitation) and vegetation significantly influenced the concentration of SOC and 14
also Fe and Al forms. A correlation between SOC and climate has also been found e.g. by Burke et al. 15
(1989). Other investigations (Percival et al., 2000), however, reported that annual temperature and 16
precipitation explained only a little of the variation in soil C content. Such an effect might also be due 17
to sites selected (not of the same age or geology). 18
Concentration of SOC, the chemical composition of the humic fraction of SOC as well as of the Fe-19
and Al-forms differed significantly in the main two different types of vegetation (maquis, coniferous 20
forest). Over time, different vegetation systems have developed because the climate varies 21
substantially along the elevational gradient. The influence of the vegetation on soil chemistry and 22
mineralogy is therefore a secondary effect, because it is not a fully independent state factor (Jenny, 23
1941). 24
The same trend along the climosequence of SOC, ITM or crystalline Fe does not necessarily mean 25
that a logic relationship exists between these soil characteristics. An interesting and unusual finding 26
was that SOC concentrations in the A horizon were greatest in areas at lower elevations. In Alpine 27
regions, an opposite trend has often been found where the highest concentrations in the subalpine 28
region lay near the timberline (Egli et al., 2003). Weathering, as expressed by the amount of 29
crystalline Fe-oxyhydroxides or the kaolinite concentration in the clay fraction, seemed to be greater at 30
13
the lower sites in the Etna region. In contrast to this, weathering in Alpine soils is often most intense at 1
the higher elevated sites (Mirabella and Egli, 2003).2
The vicinity to the volcano has probably influenced the chemical and mineralogical behavior of the 3
soils and consequently the weathering. The higher sites are closer to the eruptions and thus might 4
receive more eolian additions than the lower elevated sites. This would contribute to the lower 5
weathering state of higher soils as evidenced by the higher content of oxyhydroxides in the subsoil.6
7
Influence of vegetation on organic matter 8
The composition of plant litter greatly influences microbial degradation and therefore also SOC 9
stability (Williams and Gray, 1974; Goh, 1980; Zunino et al., 1982). The influence of plant litter on 10
SOC chemistry in the soils of Etna is reflected in the composition of fulvic acids and the C/N ratio. 11
With maquis-vegetation, the C/N ratio at the lower sites (with values in the topsoil in the range of 11-12
13) differs significantly (p = 0.01; U-test) from the higher sites where Pinus nigra  grow (C/N ratios in 13
the range of 24-29). The composition of fulvic acids is similar at the two highest sites and differs 14
distinctly from the lower sites. These results are in agreement with Certini et al. (2001) who 15
investigated SOC (C, N, proportion of fulvic and humic acids) in coniferous forest and under maquis-16
vegetation (broom) in the Etna region. 17
Humification is defined as the transformation of macromorphological and less stable organic 18
compounds into more stable and less biodegradable organic complexes. Humification is related to the 19
preferential oxidation of plant polysaccharides, the selective preservation of more recalcitrant organic 20
compounds such as lignin and phenolic structures, and to the incorporation of organic compounds of 21
microbial origin (Zech et al., 1997; Rosa et al., 2005). Humification and accumulation of organic matter 22
seemed to be more advanced at the lower sites with maquis vegetation. The ratio of HA/FA is 23
additionally an indicator of organic matter degradability (Certini et al., 2001; Haumaier et al., 1995; 24
Aranda and Oyonarte, 2005). Soils with forest vegetation should generally have more fulvic acids and 25
a lower HA/FA ratio than soils with grassland vegetation (Stevenson, 1994). This fits also with our data 26
(with a rather lower HA/FA ratio in forest stands and a higher one in soils with maquis vegetation; 27
significant, however, only at the p < 0.1 level). The separation of HA and FA is, however, operationally 28
defined. It is therefore fairly difficult to associate these fractions with specific molecules. According to 29
the view of Sutton and Sposito (2005), humic substances are collections of diverse, relatively low 30
14
molecular mass components forming dynamic associations stabilized by hydrophobic interactions and 1
hydrogen bonds. Humic components comprise molecules that cannot always be separated effectively 2
by chemical or physical methods.3
4
Organic matter stabilization5
The soils at the lower sites are rich in organic carbon when compared to the soils developing at higher 6
altitudes. Organic matter could be stabilized by several processes. The formation of organo-metallic 7
complexes is known to strengthen SOC resistance against biodegradation (Bruckert, 1970; Brunner 8
and Blaser, 1989). Kleber et al. (2005) suggest that the amount of organic C is preferentially protected 9
in (acid) soils by its interaction with poorly crystalline minerals. This process is chemically 10
characterized by a ligand exchange between mineral surface hydroxyl groups and negatively charged 11
organic functional groups. A significant amount of ITM (allophane and imogolite) was measured in the 12
subsoil of all profiles. ITM is known to stabilize soil organic matter (e.g. Shoji et al., 1993; Blaser et al., 13
1997; Basile-Doelsch et al., 2005). This kind of process is frequent in Andosols where non-crystalline 14
Al and humus interaction leads to the formation of stable soil aggregates (cf. Shoji et al., 1993; 15
Hanudin et al., 2002; Ugolini and Dahlgren, 2003). In the investigated soils ITM occurred mainly in the 16
subsoil; therefore their role for organic matter stabilization is of rather minor importance (no significant 17
correlation with SOC, Table 8). No correlation between oxalate extractable contents of Al and Fe with 18
SOC could be found. Close relationships exist however between organic C and the pyrophosphate 19
extractable Fe- and Al-fractions (Table 8). Complexing reactions between Fe, Al and SOC may, 20
therefore, be an important process contributing to the accumulation and stabilization of organic matter. 21
A similar conclusion derived Percival et al. (2000) from investigations on SOC stocks in grassland soils 22
in New Zealand. Theoretically, pyrophosphate should extract only organically bound Al and Fe (van 23
Breemen and Buurman, 1998) while oxalate additionally extracts amorphous and poorly crystalline 24
phases. There are, however, several limitations regarding the pyrophosphate extraction procedure 25
(Kaiser and Zech, 1996). Fe and Al extracted by pyrophosphate are strongly correlated with SOC and 26
seem, therefore, to be at least partially incorporated into metal-organic complexes, although, as 27
reported by Kaiser and Zech (1996), pyrophosphate may not only extract organically bound fractions 28
but also coatings of Al(OH)3 and peptized Al hydroxides associated with adsorbed organic matter. 29
Kleber et al. (2004) presumed that the alkaline pyrophosphate extractant attacks hydroxy-like-Al (e.g. 30
15
Al-interlayers or poorly ordered gibbsite) and opaline silica that may be resistant to the acid oxalate 1
extraction. The dispersion effect of amorphous and non-organic forms seems therefore not to be very 2
pronounced. We conclude that at least a part of Fe and Al is bound in humus-metal complexes and in 3
peptized Al hydroxides associated with organic matter. 4
Kaolinite displays a highly significant correlation with SOC (Table 8) and most probably also 5
contributes to its stabilization. In contrast to Wiseman and Püttmann (2006) no correlation between 6
kaolinite and Feo or Alo could be detected. This suggests that kaolinite did not greatly interact with the 7
oxides in the investigated soils. A weak interaction between Al-forms (Alo) and the clay fraction was 8
detected. The clay fraction correlates well with SOC indicating the importance of clays and clay-size 9
particles for SOC stabilization. Besides kaolinite, other clay minerals (predominantly mica and some 10
HIV) may also contribute to this stabilization. Also the silt content exerted a certain influence on the 11
stabilization of organic matter. This influence was, however, much less pronounced than the one of 12
clays (Table 7). The stocks of soil C (single horizons) correlated strongly positive with the 13
corresponding stocks of Alp, Fep and clays. Multiple regression analysis with these parameters 14
explains the lion’s share in SOC variation (R2 = 0.93, p < 0.001). In the literature, one does not, 15
however, find unequivocal evidence that clays play a role in stabilizing organic matter in soils. The 16
results of Percival et al. (2000) suggest that rather chemical stabilization of organic matter is the key 17
process in controlling C accumulation than the clay content that correlated poorly to soil C.18
19
Climate and fire20
Measurements of charcoal and humic acid composition infer that fire has a possible influence on soil 21
chemical characteristics and SOC accumulation. The effect of fire can be recognized via structural 22
characteristics of humic acids (Tinoco et al., 2006). According to the increasing aromatic content in 23
humic acids and the increasing HA/FA ratio with decreasing altitude we hypothesize that there are 24
more fires at the lower elevated sites. As the climatic conditions are drier at the lower elevated sites, 25
such an assumption would seem to be very likely. A part of the aromatic compounds in the HAs, 26
however, must be also attributed to lignin (Preston et al., 1998).27
Newer findings (Schmidt et al., 1999) suggest that burning vegetation produces large amounts of 28
highly refractory organic matter consisting of charcoal and partially charred plant material that can 29
have a major impact on composition, turnover and formation of soil organic matter. Charred organic 30
16
carbon (COC) may increase the amount of aromatic C and contribute to a relatively inert type of SOC 1
(Skjemstad et al., 1996). There is evidence that COC plays an important role in many soils worldwide 2
such as Chernozems (e.g. Schmidt et al., 1999), in Argentinian Hapludoll (Zech et al., 1997), in 3
Japanese volcanic ash soils (Golchin et al., 1997), in the French Alps (Carcaillet and Talon, 2001), 4
etc. The frequent burning of vegetation may produce black carbon that contributes to highly stable 5
organic matter components in soils (Schmidt and Noack, 2000). Fire activity may also have influenced 6
soil mineralogy with the consequence that more crystalline Fe-phases could be measured at the lower 7
sites.8
9
10
CONCLUSION11
12
The concentration of SOC in the topsoil (A-horizon), humus fractions, ITM and oxyhydroxides can be 13
strongly related to the state factors climate and vegetation. Maquis vegetation was found at the lower 14
sites and coniferous forests at the higher. The biota (vegetation) state factor is, however, not a fully 15
independent one, because climate together with the soil properties affect the growth and distribution of 16
plant species along the investigated altitudinal sequence. The amount of SOC, ITM and crystalline Fe 17
oxyhydroxides generally decreased with increasing altitude. On the one hand, the accumulation of 18
organic C and the amount of humic and fulvic acids in the soil were dependent on the type and 19
amount of vegetation litter. On the other hand, fire activity has most probably influenced the processes 20
in the soils investigated. In these regions, fire activity is usually greater at low altitudes. Precipitation 21
occurred at higher altitudes also in summer and the vegetation and soils were consequently less dry. 22
Periods with drought may lead to a reduced microbial degradation of SOC. Furthermore, the impact of 23
burning on soil mineralogy may have the potential to cause mineral transformations with moderate to 24
severe fires. Fire or eruption activities (eolian additions) affected the chemistry of Fe and the 25
crystallinity of oxy-hydroxides. A higher amount of secondary crystalline Fe-phases in the topsoil was 26
measured at lower altitudes. 27
The increased accumulation and stabilization of SOC at lower altitudes is hypothesized to be due to 28
the specific climatic conditions with periods of humidity alternating with periods of droughts, to the 29
amount and type of litter (and consequently to the maquis vegetation), to organo-metallic and clay-30
17
humus complexes reducing biodegradation and fire activity. As a consequence, the stabilization of 1
SOC in the soil could be ascribed to the HA/FA-ratio, to the proportion of aromates in the humic acids, 2
to the amount of non-crystalline Al- and Fe-phases, to the kaolinite concentration and the amount of 3
clays or clay-sized particles. We hypothesize that global warming should, theoretically, lead to a slow 4
shift (several hundreds of years) in C accumulation and stabilization with increasing altitude on 5
undisturbed, natural sites having the same lithology and soil age.6
7
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Figure captions 
Fig. 1. Location of the investigation sites 1-5 in the Etna region (Sicily, southern Italy).
Fig. 2. Mean concentrations of SOC (g/kg) in the A horizon and in the whole soil profile and organic C 
stocks (kg C/m2) with respect to the altitude.
Fig. 3. Ratio between humic and fulvic acids in the A1 horizon and weighted mean (taking the horizon 
thickness into consideration) of the A (A1, A2 and AB) horizons as a function of the altitude.
Fig. 4. Functional groups and compounds (derived from FT-IR measurements) of fulvic and humic 
acids in the topsoil (A-horizon) as a function of the altitude. The considered seven groups and 
compounds are given as relative concentrations (summed to 100%).
Fig. 5. Typical FT-IR spectra of soil clays in the OH-stretching region (3800 to 2800 cm-1) and in the 
OH-bending and M-O region (850 to 250 cm-1) from an A and C horizon of the same site. The band at 
3698cm-1 points to kaolinite and those at 579, 506, 431, and 349cm-1 are indicative for ITM (if no 
kaolinite is present).
Fig. 6. Mean concentration of Fe-oxihydroxides (Fed-Feo) and imogolite-type material (ITM) in the A 
horizon of the soils as a function of the altitude.
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TABLE 1 Characteristics of the study sites in the Etna region
Profile Elevation Aspect Slope MAT1) MAP1) Soil moisture Soil temperature Parent material Vegetation Soil type 
(m a.s.l.) (°) (°C) (mm) regime regime (IUSS Working 
Group WRB, 2006; 
Soil Survey Staff, 
2006)
1 551 N 0 15.3 1000 xeric thermic Ve-Lava 
(Trachy-basalt)
Macchia Mediterranea/Quercion 
ilicis with Quercus pubescens, 
Asphodelus microcarpus, 
Carlina nebrodensis, Artemisia 
spec.
Vitri-Mollic Andosol 
Humic Haploxerand 
2 998 N 3 12.5 1100 udic mesic Ve-Lava 
(Trachy-basalt)
Macchia Mediterranea 
/Quercion ilicis with Quercus 
ilex, Quercus pubescens Wild, 
Genista aetnensis
Vitric Andosol 
Typic Udivitrand 
3 1090 N 0 11.9 1150 udic mesic Ve-Lava 
(Trachy-basalt)
Macchia Mediterranea 
/Quercion ilicis with Quercus 
ilex, Quercus pubescens Wild, 
Genista aetnensis, Daphne 
laureola L., Orchis commutata, 
Muscari spec., Rubus spec., 
Dryopteris filix-mas
Vitri-umbric Andosol
Humic Udivitrand
4 1515 N 4 9.2 1250 udic mesic Ve-Lava 
(Trachy-basalt)
Coniferous forest (Pinus nigra 
ssp. laricio)
Vitric Andosol
Vitric Hapludand
Table 1
5 1772 N 12 7.5 1400 udic frigid Ve-Lava 
(Trachy-basalt)
Coniferous forest (Pinus nigra 
ssp. laricio, Dryopteris filix-mas)
Vitric Andosol
Humic Udivitrand 
1)MAT = mean annual temperature (°C), MAP = mean annual precipitation
TABLE 2 Some physical characteristics of the investigated soils in the Etna region
Profile Soil horizon depth (cm) Munsell color bulk density sand silt clay
g cm-3 g kg-1 g kg-1 g kg-1
1 A1 0-5 5YR 2.5/1 0.45 476 328 197
A2 5-15 5YR 2.5/2 1.11 540 372 88
Bw 15-65 10YR 3/3 1.40 699 234 66
BC 65-85 10YR 4/6 1.37 827 124 49
2 A1 0-3 7.5 YR 2.5/0 1.05 625 262 112
A2 3-20 5YR 2.5/2 1.23 573 329 98
Bw 20-70 7.5 YR 5/6 1.64 769 174 57
B(C) 70-90 7.5 YR 3/2 1.53 789 164 47
C 90-117 7.5 YR 3/2 1.57 836 117 47
3 A1 0-6 10YR 3/3 1.01 673 236 92
A2 6-25 10YR 3/3 1.09 656 255 90
Bw 25-65 5YR 2.5/2 0.75 429 496 75
C 65-80 0.60
4 A1 0-7 5YR 2.5/1 0.72 739 148 113
A2 7-23 10YR 2/2 0.93 828 106 65
B1 23-38 5YR 2.5/1 0.84 812 132 56
B2 38-98 10YR 3/4 1.00 732 213 55
C 98-122 0.71 723 202 76
5 A1 0-4 10YR 2/3 0.95 802 137 61
A2 4-13 10YR 2/3 1.19 887 67 46
AB 13-23 2,5Y 2/4 1.01 592 342 66
B 23-100 10YR 6/5 0.78 791 166 43
BC 100-140 10YR 6/5 1.04 666 277 57
C 140-150 10YR 3/3 1.00 751 182 67
Table 2
TABLE 3 Soil chemical properties, SOC (soil organic carbon) and fractions of SOC
Site Horizon pH total C total N C/N TEC1 HA1 FA1 Humins Rest HA/FA
(CaCl2) g kg
-1 g kg-1 g C kg-1 g C kg-1 g C kg-1 g C kg-1 g C kg-1
1 A1 6.30 132.6 10.79 12.3 46.7 32.9 6.9 85.9 6.9 4.8
A2 5.90 52.6 4.19 12.6 30.5 22.5 8.1 22.1 0.0 2.8
Bw 5.65 30.7 2.75 11.2
BC 5.35 10.0 0.85 11.8
2 A1 6.20 90.3 7.68 11.8 34.6 17.9 8.5 55.7 8.2 2.1
A2 5.65 54.5 4.98 10.9 34.3 18.7 9.0 20.2 6.7 2.1
Bw 5.50 10.4 0.91 11.4
BC 5.60 5.7 0.51 11.2
C 5.70 5.1 0.51 10.0
3 A1 5.70 45.6 3.54 12.9 22.3 11.7 6.1 23.3 4.4 1.9
A2 5.45 26.2 2.16 12.1 23.1 8.1 7.5 3.1 7.5 1.1
Bw 5.15 45.3 4.70 9.6
C 5.55 8.2 0.71 11.5
4 A1 5.05 65.2 2.30 28.3 27.6 14.5 7.1 37.6 6.0 2.0
A2 5.20 22.5 0.79 28.5 15.5 5.1 4.5 7.0 5.9 1.1
B1 5.50 22.2 0.87 25.6
B2 5.60 12.7 0.67 19.0
C 5.55 11.3 0.61 18.5
5 A1 4.90 24.8 1.02 24.3 13.1 6.1 4.7 11.7 2.4 1.3
A2 5.00 10.7 0.41 26.0 10.6 5.3 5.3 0.1 0.0 1.0
AB 5.35 13.2 0.67 19.8 8.2 2.7 4.5 5.0 0.9 0.6
B 5.70 6.6 0.42 15.8 4.1 0.9 3.2 2.5 0.0 0.3
BC 5.70 13.8 0.72 19.2
C 5.80 7.0 0.44 15.9
Table 3
1TEC = Total extractable carbon (NaOH and Na4P2O7.10H2O extractable C-portion), HA = humic acids, FA = fulvic acids
TABLE 4 Correlations (Spearman rank correlation and U-Test) of soil organic properties with altitude, 
climate and vegetation. p = error probability
parameter altitude vegetation MAT1) MAP1)
RSpearman U-Test RSpearman RSpearman
org. C R2 = 0.55
p = 0.03
p = 0.09 R2 = 0.55
p = 0.026
R2 = 0.50
p = 0.033
C/N R2 = 0.48
p = 0.039
p = 0.07 R2 = 0.44
p = 0.046
R2 = 0.48
p = 0.037
HA/FA R2 = 0.72
p = 0.01
p = 0.07 R2 = 0.72
p = 0.01
R2 = 0.67
p = 0.01
FA2) R2 = 0.48
p = 0.037
p = 0.03 R2 = 0.48
p = 0.037
R2 = 0.44
p = 0.047
HA2) R2 = 0.77
p < 0.01
p = 0.03 R2 = 0.77
p < 0.01
R2 = 0.74
p = 0.01
Humins ns2) p = 0.21 ns ns
Aromates in HA R2 = 0.81
p < 0.01
p = 0.02 R2 = 0.81
p < 0.01
R2 = 0.67
p = 0.01
1) MAT = mean annual temperature, MAP = mean annual precipitation
2) HA = humic acids, FA = fulvic acids, ns = not significant
Table 4
TABLE 5 Major IR absorption bands and assignments for organic constituents (Piccolo and 
Mirabella, 1985; Stevenson, 1994; Senesi et al., 2003; Tan, 2003)
Wave number Assignment
cm-1
1725-1710 C=O stretching of COOH, aldehydes and ketones 
1660-1630 C=O stretching of amide groups, 
quinone C=O and/or C=O of H-bonded conjugated ketones
1510-1535 Aromatic rings 
1460-1440/
2976-2937 Aliphatic C-H stretching
1413-1333 OH deformation and C-O stretching of phenolic groups
1190-1127 Aliphatic, alcoholic OH
1180-1050 C-O stretching of polysaccharide 
Table 5
TABLE 6 Relative areas of chemical shift regions for humic acid samples analyzed by 13C-CPMAS-
NMR.
Site/  0-47 47 – 60  60-93  93-112  112-140  140-160  160-185  185-220
horizon alkyl C methoxyl/
N-alkyl
O-alkyl di-O-alkyl  aromatic C phenolic C carboxyl C/
amide/ester
ketons
Relative area (%) of chemical shift regions (ppm)
1/A1 26 8 14 2 33 3 13 1
2/A1 33 10 13 3 24 2 15 0
3/A1 43 9 12 5 13 2 15 1
4/A1 30 10 15 8 18 8 9 2
5/A1 44 15 8 2 17 5 9 0
Table 6
TABLE 7 Dithionite- (d), oxalate- (o) and pyrophosphate-extractable (p) contents of Fe, Al and Si in the fine earth (< 2mm). The molar ratio of (Alo-Alp)/Sio
should be 1 for allophanes and allophane-like minerals and close to 2 for imogolite-like minerals. The sum of Alo + 1/2Feo is needed for soil classification.
Site Horizon Al(o) Al(d) Al(p) Fe(o) Fe(d) Fe(d) – Fe(o) Fe(p) Si(o) Molar ratio Al(o) + 1/2Fe(o)
g kg-1 g kg-1 g kg-1 g kg-1 g kg-1 g kg-1 g kg-1 g kg-1 [Al(o) – Al(p)]/Si(o) %
1 A1 12.29 6.50 2.57 5.33 12.62 7.29 0.39 6.03 1.68 1.50
A2 25.12 9.26 4.11 9.69 19.38 9.69 0.56 12.22 1.79 3.00
Bw 24.03 6.57 3.36 7.21 15.37 8.16 0.59 12.77 1.69 2.76
BC 13.53 4.45 1.81 3.43 10.81 7.38 0.24 7.96 1.53 1.52
2 A1 9.70 4.37 2.74 7.29 10.70 3.41 0.55 4.76 1.52 1.33
A2 14.26 7.34 4.32 10.30 15.30 5.00 1.50 6.79 1.52 1.94
Bw 16.54 3.80 1.82 5.42 8.80 3.38 0.34 11.42 1.34 1.93
B(C) 8.20 2.45 1.22 4.05 8.41 4.36 0.24 6.03 1.21 1.02
C 9.63 1.99 1.18 5.38 10.83 5.45 0.24 7.32 1.20 1.23
3 A1 10.92 5.79 2.08 10.66 15.66 5.00 0.49 5.35 1.72 1.63
A2 15.25 7.12 2.71 12.23 19.65 7.42 0.69 7.99 1.63 2.14
Bw 30.56 12.65 5.15 16.35 31.33 14.98 3.33 16.03 1.65 3.87
C 20.00 6.00 2.33 11.00 17.00 6.00 0.69 7.00 2.63 2.55
4 A1 3.32 2.82 1.71 6.85 7.65 0.80 1.50 1.32 1.27 0.67
A2 3.80 2.72 1.50 7.27 7.48 0.21 1.27 2.02 1.19 0.74
B1 3.54 1.68 1.36 5.56 4.75 -0.81 1.12 2.10 1.08 0.63
B2 15.20 6.22 1.78 14.60 17.45 2.85 0.67 9.81 1.42 2.25
C 13.15 3.72 1.34 13.21 12.16 -1.00 0.72 8.94 1.38 1.98
5 A1 1.89 1.38 1.11 6.08 5.53 -0.55 0.76 1.00 0.81 0.49
A2 2.03 1.51 0.86 5.38 4.39 -0.99 0.55 1.20 1.02 0.47
AB 9.17 4.25 1.79 12.87 13.20 0.33 0.69 5.36 1.43 1.56
B 10.89 4.02 1.01 11.78 15.23 3.45 0.51 8.02 1.28 1.68
BC 35.55 8.78 1.82 9.46 26.14 16.68 0.24 24.80 1.42 4.03
C 22.63 6.42 1.40 13.87 20.64 6.77 0.19 15.39 1.44 2.96
Table 7
TABLE 8 Correlations (Spearman rank correlation coefficient) of some soil properties with soil organic 
matter (with p = error probability)
parameter n RSpearman p
pH 23 0.17 0.585
N 23 0.90 <0.001
C/N 23 0.08 0.939
HA1 12 0.92 0.002
FA1 12 0.77 0.011
HA/FA 12 0.92 0.002
Al(o) 23 0.09 0.687
Al(d) 23 0.43 0.045
Al(p) 23 0.69 0.001
Fe(o) 23 0.13 0.544
Fe(d) 23 0.14 0.513
Fe(p) 23 0.52 0.014
Si(o) 23 -0.20 0.353
[Al(o)-Al(p)]/Si(o) 23 0.50 0.019
ITM 23 -0.13 0.539
Fe(d)-Fe(o) 23 0.18 0.401
Fe(o)+A(l)o 23 0.08 0.701
Fe(p)+Al(p) 23 0.84 <0.001
Clay 23 0.85 <0.001
Silt 23 0.46 0.026
Fe(o)/Fe(d) 23 0.06 0.956
Kaolinite 9 0.91 0.010
Aromates (HA) 10 0.78 0.019
d = dithionite extractable content, o = oxalate extractable content, p = pyrophosphate extractable 
content
1HA = humic acids, FA = fulvic acids
Table 8
